The mitotic spindle is constructed from microtubules (MTs) nucleated from centrosomes, chromosome proximal regions, and preexisting spindle MTs. Augmin, a recently identified protein complex, is a critical factor in spindle MT-based MT generation in Drosophila S2 cells. Previously, we identified one subunit of human augmin. Here, by using mass spectrometry, we identified the full human augmin complex of 8 subunits and show that it interacts with the ␥-tubulin ring complex (␥-TuRC). Unlike augmin-depleted S2 cells, in which the defect in spindle-mediated MT generation is mostly compensated by centrosomal MTs, augmin knockdown alone in HeLa cells triggers the spindle checkpoint, reduces tension on sister kinetochores, and severely impairs metaphase progression. Human augmin knockdown also reduces the number of central spindle MTs during anaphase and causes late-stage cytokinesis failure. A link between augmin and ␥-TuRC is likely critical for these functions, because a ␥-TuRC mutant that attenuates interaction with augmin does not restore function in vivo. These results demonstrate that MT generation mediated by augmin and ␥-TuRC is critical for chromosome segregation and cytokinesis in human cells.
P
roper segregation of sister chromatids during cell division relies on the assembly of a bipolar spindle during mitosis. Sister kinetochores associate with microtubules (MTs) from opposite poles in metaphase. When all of the kinetochores are attached to MTs and under tension, the spindle checkpoint is satisfied and the anaphase segregation of sister chromatids takes place (1, 2) . Beginning at anaphase, spindle MTs reorganize to form a bundled and antiparallel MT structure between the segregating chromatids, a structure referred to as the central spindle. Proper formation of the central spindle is required for contraction of the contractile ring and completion of cytokinesis (3) .
On entry into mitosis, spindle MTs are generated at multiple locations in animal somatic cells. The dominant MT nucleation site is the centrosome, which binds the ␥-tubulin ring complex (␥-TuRC), the major MT nucleator in cells. However, mitotic cells also have at least two centrosome-independent pathways for MT generation. The best studied is the chromatin-dependent pathway, in which Ran-GTP and the chromosome passenger complex enriched around chromosomes induce MT nucleation (4) (5) (6) . In addition, an MT-based MT generation pathway, which was originally found in the cytoplasm of fission yeast (7) and plant cells (8) , was recently uncovered within the mitotic spindle, in which MTs are generated throughout the spindle and not necessarily near the chromosomes (9) (10) (11) . It has been suggested that ␥-tubulin localized onto spindle MTs may play a significant role in MT generation within the spindle (9) (10) (11) (12) .
The protein complex augmin was recently identified in Drosophila S2 cells as a critical factor for centrosome-independent, spindle-based MT generation (10, 11) . Originally, 5 augmin subunits (Dgt2-6) (Dgt stands for dim ␥-tubulin) were identified in a genome-wide RNAi screen as genes required for ␥-tubulin localization on the spindle but not at the centrosome (11) . RNAi knockdown of Drosophila augmin led to a reduction in MT number within the spindle and consequently caused mild defects in spindle bipolarity and chromosome alignment. However, these defects became much more severe when centrosomes were simultaneously disrupted (note that functional spindles can be assembled without centrosomes in Drosophila) (10) . Thus, the augmin-dependent MT generation pathway is used as a redundant mechanism with the centrosome-dependent pathway in Drosophila S2 cells. Previous work identified human Dgt6 based on sequence similarity and found that RNAi knockdown led to reduced MT and ␥-tubulin intensities within the spindle, as in Drosophila (10) . However, other components of augmin could not be found by sequence homology searches, and the mitotic defects of hDgt6 RNAi were not characterized in great detail.
In this study, we identify Drosophila and human augmin as 8-subunit complexes. We also show that augmin interacts with ␥-TuRC and that attenuation of this interaction severely impairs spindle MT generation. Furthermore, we provide evidence that human augmin plays critical and nonredundant roles in the kinetochore-MT attachment and also central spindle formation during anaphase in human cells.
Results

The Augmin Complex Consists of 8 Subunits in Drosophila and Humans.
To search for additional components of Drosophila augmin, Dgt2-HA (HA indicating the hemagglutinin epitope) was immunoprecipitated from S2 cells, and the precipitated proteins were identified by liquid chromatography/tandem mass spectrometry (LC/MS/MS). Dgt2-6 appeared as top hits, confirming the fidelity of this assay. Among the other top hits were 7 proteins for which Ͼ5 peptides were uniquely detected in the Dgt2-HA sample (Table S1 ). We reevaluated their RNAi phenotypes in our whole-genome RNAi screen database (11) and repeated RNAi with newly designed dsRNA constructs (Table S2) . The typical ''dgt phenotype'' (dim ␥-tubulin and MT signals inside the spindle) were found after RNAi against CG2213, CG13879, and CG13914 (Fig. 1A) . These phenotypes were present, but overlooked, in the previous high-throughput screen (11) . The 3
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proteins efficiently precipitated endogenous Dgt6 when immunoprecipitated (Fig. 1B) and were localized to spindle MTs (Fig.  1C) , indicating that they are previously unrecognized subunits of augmin. We therefore designate them as Dgt7, Dgt8, and Dgt9. Drosophila augmin is predicted to be a 340-kDa protein complex on the basis of size-based fractionation (10) . The individual molecular masses of proteins Dgt2-9 sum up to 327 kDa, which is very close to this value, suggesting that augmin consists of these 8 subunits. However, we cannot entirely exclude the possibility that smaller subunits are still missing.
To identify human augmin, a HeLa cell line stably expressing GFP-hDgt6 was generated ( Fig. 2A) , and the mitotic extracts were immunoprecipitated with anti-GFP antibody, followed by LC/MS/MS analysis. Ten proteins, including hDgt6 itself, were identified as strong hits (Table S3 ). Among them, 2 genes (RBM7 and CSDA) had clear orthologues in Drosophila, whose molecular functions and RNAi phenotypes (11) are not related apparently to augmin. We therefore considered them as unlikely candidates for augmin subunits and excluded them from further analyses. The remaining 7 genes (C4orf15, Hice1/NY-SAR48, KIAA0841, Ccdc5/Hei-C, Cep27, UCHL5IP, and C14orf94) were cloned, tagged with GFP and HA, and expressed in HeLa cells. All 7 proteins immunoprecipitated endogenous hDgt6, confirming the interactions detected in LC/MS/MS (Fig. 2 B and D) .
Observation of the GFP fusion proteins revealed that the 7 proteins, like GFP-hDgt6, localized to the metaphase spindle under a wide range of expression levels ( Fig. 2C and Fig. S1 ). Signals were detected throughout spindle MTs, but in many cases a slight accumulation near the spindle pole regions was detected. These proteins accumulated at centrosomes during interphase.
Gel filtration analysis indicated that they all migrated with a similar peak at a Stokes radius of Ϸ9.5 nm (Fig. 2E) . On the basis of this value and the reported sedimentation coefficient of the Ccdc5-containing complex [Ϸ10 S (13)], we estimated that the size of human augmin is 390 kDa. We suggest that these 8 subunits, which sum up to 442 kDa, compose human augmin.
Among the 8 genes, 3 (hDgt6, Ccdc5, and Hice1) were previously shown to localize to the mitotic spindle (10, 13, 14) , 1 (Cep27) was reported as a centrosomal protein (15) , and functions of the other 4 (UCHL5IP, C4orf15, C14orf94, and KIAA0841) were completely unknown. Our homology search suggested that C4orf15, Hice1, and KIAA0841 are the orthologues of Drosophila Dgt3, 4, and 5, respectively (Fig. S2) .
Depletion of Human Augmin Arrests Cells in Metaphase and Reduces
Tension on Bioriented Kinetochores. We have previously shown that RNAi knockdown of hDgt6 (also called FAM29A) in HeLa cells Colonies were visible on the 3-aminotriazole (3-AT)-containing plate only when both proteins were expressed. (E) Gel filtration analysis of human augmin subunits. A similar peak can be observed between hDgt6 and the hDgt6-interacting proteins at a Stokes radius of Ϸ9.5 nm, suggesting that they form a stable complex. The peak of KIAA0841 was shifted by one fraction to the left, probably because of GFP tagging of this protein (others were tagged with HA). The reason for the shift of Hice1 to higher molecular mass fractions is unclear but might be aggregation of a subpopulation of this protein in the extracts.
resulted in the appearance of bipolar spindles with reduced ␥-tubulin and MTs within the spindle and a modest (2-to 3-fold) increase in the mitotic index (10) . Very recently, another study also reported the dgt phenotype and 2-to 4-fold increase of mitotic index after hDgt6 RNAi (16) . These data suggested that MT attachment to kinetochores is modestly delayed without augmin-mediated MT generation and that the human augmin pathway acts redundantly with the centrosomal pathway for chromosome alignment, as is the case in Drosophila S2 cells (10, 16) . However, the mitotic defects have not been characterized in great detail for each augmin subunit, and we also sought to obtain a more complete augmin knockdown by improving the RNAi efficiency in the current study [Ͼ95% depletion of the hDgt6 protein (Fig. S3A) 
] (see Methods).
Under the optimized RNAi condition, ␥-tubulin and MT signals were greatly reduced inside the bipolar spindle for each hDgt gene RNAi (Fig. 3 A and B) . In a severe case (hDgt6), the ␥-tubulin signal intensity within the spindle was reduced to only 39% of control cells [mean of 2 independent experiments (n ϭ 14 and 11)]. As is the case of Drosophila S2 cells (10), the observed reduction in ␥-tubulin signals after augmin depletion was not simply the consequence of the spindle MT reduction, because a similar level of MT reduction by HURP RNAi [which reduces kinetochore MT numbers (17, 18)] or nocodazole treatment (which preferentially depolymerizes nonkinetochore MTs) did not dramatically affect ␥-tubulin intensity compared with augmin RNAi (compare Fig. S4 and Fig. 3A) . We conclude that human augmin is directly required for ␥-tubulin localization to MTs and for spindle MT generation.
On hDgt6 RNAi, centrosomal ␥-tubulin signals also were attenuated modestly (64% of the control cells), but astral MTs were clearly generated from centrosomes under this situation as revealed by GFP-tubulin in living cells (Fig. 3C) . Thus, centrosomes preserve MT nucleating activity independent of augmin function, consistent with the result of an in vitro aster formation assay after Ccdc5 depletion (13) . We also detected multipolar spindles in each RNAi sample, as was reported previously for Ccdc5 and Hice1 (13, 14) . However, the frequency was only 10-35% of the mitotic cells, whereas almost all of the spindles, regardless of their polarity, exhibited the dim-␥-tubulin phenotype. Therefore, it is more likely that mislocalization of ␥-tubulin is the primary defect of augmin knockdown. Surprisingly, the mitotic index was elevated much more dramatically for each hDgt siRNA treatment compared with previous reports for humans (10, 16) and Drosophila cells (10) (Fig.  4A ). For RNAi of one subunit (hDgt6), the mitotic index even increased Ϸ9-fold [52% (n ϭ 877) compared with 6.0% in control (n ϭ 366)] (Fig. S3B) . Unlike control cells, the majority of the mitotic cells were in prometaphase (53% versus 31% in the control) or metaphase (45% versus 26% in the control), and anaphase cells were scarce (0.7% versus 41% in the control; n Ͼ 241), suggesting that the spindle checkpoint is activated. Consistent with this interpretation, the mitotic index was restored when the spindle checkpoint component Mad2 or BubR1 was simultaneously deleted (Fig. S3B) .
Mad2 accumulates on unattached, misaligned kinetochores, and MT attachment to the kinetochores triggers the loss of Mad2 from the kinetochores, which results in the progression into anaphase (19) (20) (21) . In the absence of augmin, Mad2 was enriched on misaligned kinetochores (Fig. 4B) . However, there was also an increase in the proportion of cells that had all of their chromosomes aligned at the spindle equator [23% of total cell (control; 1.6%)], indicating that augmin depletion also arrested cells even after their chromosomes had congressed in the metaphase plate. We found that Mad2 does not accumulate on those aligned kinetochores, similar to control cells (Fig. 4B ). This result differs from the data reported by Zhu et al. (16) , who showed elevated Mad2 signals on aligned kinetochores after hDgt6 RNAi (see Discussion). However, consistent with Zhu et al. (16) , the sister kinetochore distance of aligned chromatids, which correlates with tension across kinetochores, was significantly shorter in the absence of hDgt6 than in control metaphase cells, even after further prolongation of metaphase by treatment with the proteasome inhibitor MG132 (Fig. 4C) . These results suggest that, in the absence of spindle MTs generated by augmin, the spindle checkpoint is not satisfied, perhaps because of the lack of sufficient tension on kinetochores, even after all of the kinetochores attach to MTs and release Mad2.
Human Augmin Is Important for Central Spindle Formation in An-
aphase and Cytokinesis. In addition to the dramatic accumulation of mitotic cells, we also noticed that the percentage of binucleate interphase cells increased after RNAi knockdowns of multiple augmin subunits [e.g., hDgt6, 24%; Ccdc5, 8%; control, 2% (n Ն 394)], which is indicative of cytokinesis failure (Fig. 5A ). This defect was rescued by ectopic expression of the augmin subunit insensitive to siRNA, excluding the possible off-target effect of the siRNA constructs (Fig. 6E) . Live-cell imaging of hDgt6 RNAi cells revealed that the cleavage furrow forms and invaginates but later regresses in 14 of 18 cells (Fig. 5B) . This finding suggests that augmin is required for the completion of cytokinesis. We further found that the MT density in the central spindle between the segregating chromosomes was decreased in hDgt6-depleted cells (Fig. 5C ) (lagging chromosomes were scarcely observed). Consistent with this functional role in cytokinesis, GFP-tagged augmin subunits and ␥-tubulin were localized to the central spindle, in particular in the region near the segregating chromosomes compared with the midzone (GFPhDgt6 is displayed in Fig. 5D ).
The Interaction Between Augmin and ␥-TuRC Is Necessary for Spindle-
Based MT Generation. ␥-TuRC was recently shown to be coimmunoprecipitated with hDgt6 in HeLa cells (16) . We further found coprecipitation of HA-tagged NEDD1 [also called GCP-WD, a component of ␥-TuRC (12, 22) ] with endogenous hDgt6 (Fig. 6A) . A similar interaction was also found between their Drosophila orthologues (Fig. S5) .
To investigate whether the augmin-␥-TuRC interaction is important for spindle MT generation, we analyzed the NEDD1 (S411A) mutant, which was previously shown to interfere with ␥-TuRC localization to spindle MTs but not to centrosomes (12) . NEDD1 (S411A) was much less efficiently coimmunoprecipitated with endogenous hDgt6 when expressed in mitosis (Fig.  6A ), suggesting that physical interaction with augmin is important for ␥-TuRC's localization to spindle MTs. We next sought to identify the ␥-TuRC-interacting domain of augmin by generating several truncated forms of augmin subunits. Of those, a C-terminal hDgt6 fragment [hDgt6(480-955)] was efficiently coimmunoprecipitated with NEDD1 but failed to associate with another augmin subunit or spindle MTs (Fig. 6 B and C) . In contrast, GFP-tagged hDgt6(1-438) retained an ability to associate with other augmin subunits and thereby localized to centrosomes in interphase and spindle MTs in mitosis, but was much less efficiently coprecipitated with wild-type NEDD1 (Fig.  6 B-D) . This truncated gene could not fully rescue the dgt phenotype or the cytokinesis failure (Fig. 6E) [partial rescue might be due to weak interaction of hDgt6(1-438) with NEDD1 ( Fig. 6B) ]. These results suggest that the interaction between augmin and ␥-TuRC is critical for the recruitment of ␥-TuRC to The normalized ratio of spindle to centrosome signal intensity (ϮSEM) after knockdowns of hDgt6 was significantly (P Ͻ 0.0007) restored when siRNAinsensitive, full-length GFP-hDgt6 was expressed, but less efficiently by GFPhDgt6(1-438) (n Ն 7). (Right) Percentage of binucleated cells after depletion of endogenous hDgt6 was lowered by transfection of siRNA-insensitive fulllength GFP-hDgt6, but not by a truncated GFP-hDgt6(1-438) or GFP alone (n Ն 77).
spindle MTs and for augmin/␥-TuRC-mediated spindle MT generation.
Discussion
In this study, we identified the 8 subunits belonging to the human and Drosophila augmin complexes through mass spectrometry. Analogous to Drosophila augmin, human augmin bound to ␥-TuRC and localized it to spindle MTs to generate noncentrosomal MTs within the mitotic spindle. However, unexpected from the previous fly augmin or human Dgt6 analysis (10, 16) , depletion of human augmin caused severe checkpointdependent prometaphase/metaphase delay, likely because of a defect in kinetochore-MT interaction. We also uncovered cytokinesis failure with reduced MTs in the central spindle. Thus, the augmin-dependent MT generation pathway plays an indispensable role in cell division in human tissue culture cells. Augmin may play similarly critical roles in other cell types in humans and therefore might constitute a possible target for small-molecule inhibition in cancer chemotherapy.
Human Augmin Is Needed for Establishing Kinetochore Tension. A significant population of the human augmin-depleted cells arrested in metaphase with a reduced level of Mad2 signals on aligned kinetochores. Thus, sister kinetochores appear to be attached to MTs (perhaps centrosomal MTs) without augmin in these cells. In contrast, Zhu et al. (16) recently showed that Mad2 intensity on metaphase chromosomes is 2.5-fold higher in hDgt6-knockdown cells than control, which suggests that MT attachment does not take place for some aligned chromosomes. The reason for this data discrepancy is uncertain. One possibility is that more efficient knockdown of hDgt6 (Ͼ95%) in the present work induced more severe metaphase delay, so that dynamic centrosomal MTs might establish attachment to all of the kinetochores during this prolonged period. Our study (10) and that of Zhu et al. (16) both showed that augmin RNAi leads to a reduction in tension across sister kinetochores of aligned chromosomes. The reason for the reduced tension in augmin-depleted cells may be that chromosomes are never stably attached to MTs, possibly because of fewer kinetochore MTs. Alternatively, augmin may impact chromosome tension by producing cross-linked, short antiparallel MTs that act as substrates for motor-dependent sliding forces, as suggested for meiotic metaphase spindles reconstituted in Xenopus extracts (23) . A reduction in sister kinetochore tension might be responsible for checkpoint activation after augmin depletion. However, it was recently shown that checkpoint can be satisfied in the absence of interkinetochore tension in some experimental conditions (24) . Thus, defining the mechanism of checkpoint arrest after augmin depletion remains an important topic for future investigation.
The mitotic progression defect observed in human cells is considerably different from that in Drosophila cells, where severe chromosome alignment defect and mitotic delay were observed only when augmin and centrosomes were simultaneously depleted (10, 25) . Thus, the augmin-dependent MT amplification pathway works as a redundant mechanism with the centrosomal pathway in Drosophila. However, our results indicate that the augmin-dependent pathway plays critical and nonredundant roles in chromosome segregation in human cells. A possible explanation for the discrepancy between fly and human cells is that human cells may need more MTs for building a functional spindle, in particular for stable kinetochore-MT attachment; the number of human kinetochore MTs (Ϸ17) as well as chromosomes (46) is larger than that of Drosophila (Ϸ11 and 8, respectively) (26) .
Human Augmin Is Needed for Completing Cytokinesis. We observed a reduction in central spindle MTs during anaphase and a subsequent cytokinesis failure in the absence of human augmin. A prevailing model postulates that bundling of interpolar MTs leads to central spindle formation during anaphase. According to this model, reduced MT number in the metaphase spindle might consequently lead to the defect in robust central spindle formation in the augmin-depleted cells. However, it has also been reported that MTs required for cytokinesis can be formed in the absence of preanaphase MTs under certain experimental conditions (27) . Our localization data in anaphase imply that augmin-dependent de novo generation of MTs at the central spindle might also play an important role in mature central spindle formation.
Mechanism of Augmin-and ␥-TuRC-Mediated Spindle MT Amplification. Hice1 protein was shown to bind directly to MTs in vitro via its N-terminal region (14) . It is therefore likely that augmin directly binds to spindle MTs. Interestingly, hDgt6 directly interacts with the Hice1 (Fig. 2D) , and the C terminus of hDgt6 coprecipitates with NEDD1-␥-TuRC. An intriguing possibility therefore is that ␥-tubulin recruitment to spindle MTs is achieved through direct protein-protein interaction of a preexisting MT to Hice1 and then hDgt6 binding to ␥-TuRC (Fig. 7) .
Extensive phenotypic analyses (10, 16) alone could not elucidate the exact role of augmin and ␥-TuRC in this process (discussed in ref. 10 ). For example, although it was tempting to speculate that ␥-TuRC nucleates MTs by recruiting of augmin to preexisting spindle MTs, the observed phenotypes could also be explained by a model in which augmin nucleates MTs independently of ␥-TuRC function and ␥-TuRC stabilizes new MT minus-ends by capping. However, our results showing critical interaction of augmin and ␥-TuRC for spindle MT generation make the former model more likely (Fig. 7) . However, in this scenario, ␥-TuRC must be specifically activated on recruitment Human and Drosophila augmin were identified as 8-subunit complexes (human augmin subunits are described in this diagram). Hice1 is known to bind to MTs directly in vitro (14) . Hice1-hDgt6 interaction was detected in the yeast 2-hybrid assay, whereas NEDD1-containing ␥-TuRC was efficiently coprecipitated with the C-terminal fragment of hDgt6. Attenuation of this interaction caused defects in spindle MT generation. Thus, we suggest that augmin recruits ␥-TuRC to spindle MTs, where ␥-TuRC nucleates new MTs. This MT amplification process is critical for generating kinetochore tension and also completion of cytokinesis in human tissue culture cells.
to spindle MTs (note that ␥-TuRC is abundant in the cytoplasm but apparently does not nucleate MTs). One possibility therefore is that augmin subunits other than Hice1 or hDgt6 might play a role in activating ␥-TuRC within the spindle. Reconstitution of augmin and ␥-TuRC-dependent MT generation in vitro would serve as the most decisive method of elucidating the molecular basis of this process.
Methods
Cell Culture and RNAi. Cell culture, plasmid transfection, and RNAi were performed according to the method of Goshima et al. (10) . Several different HeLa cell lines and transfection reagents were assessed, and the cell line used in ref. 28 was found to produce the most severe phenotype when siRNA was transfected by using RNAiMax (Invitrogen) or DreamFect (OZ Biosciences). The dsRNA (S2) and siRNAs (HeLa) sequences used in this study are listed in Table  S2 and Table S4 , respectively. The siRNA mixture for KIAA0841 was made by using ColdShock-Dicer (Takara).
Microscopy. At the end of the RNAi treatment (day 4), S2 cells were resuspended, transferred to glass-bottom Con A-coated plates, and allowed to adhere for 2.5 h before fixation (10) . Immunofluorescence microscopy for the spindle and kinetochore proteins was performed as described in refs. 10 and 28, respectively. siRNA-treated HeLa cells were observed at day 3 ( Fig. 3B ) or day 2 (others). Most of the images were acquired by wide-field microscopy. GFP-tubulin image was acquired by FV1000 confocal microscopy (Olympus).
Biochemistry and LC/MS/MS.
Rabbit polyclonal antibodies against hDgt6 were generated and affinity-purified by using mixtures of 2 synthesized peptides as antigens (CPAKKSDPFQKEQDHLVE and CNKSLDAKEPPSDLTR). Immunoprecipitation was performed according the method of Goshima et al. (10) , the details of which are described in SI Methods. LC/MS/MS was performed as described in ref. 29 . In brief, samples were separated with SDS/PAGE, and each lane was cut into 9 pieces. Tandem mass spectra of the trypsinized peptides from the each gel section obtained by LXQ (Thermo Finnigan) were obtained by using Mascot (Matrix Science) and searched against the International Protein Index human database or National Center for Biotechnology Information database (Drosophila). The MS/MS-based peptide and protein identifications were validated by Scaffold (Proteome Software).
